Summary
RNA-binding proteins (RBPs) play important roles in the posttranscriptional regulation of gene expression, including mRNA stability, transport and translation. Fission yeast rnc1 1 encodes a K Homology (KH)-type RBP, which binds and stabilizes the Pmp1 MAPK phosphatase mRNA thereby suppressing the Cl 2 hypersensitivity of calcineurin deletion and MAPK signaling mutants. Here, we analyzed the spatial regulation of Rnc1 and discovered a putative nuclear export signal (NES) Rnc1 , which dictates the cytoplasmic localization of Rnc1 in a Crm1-independent manner. Notably, mutations in the NES Rnc1 altered nucleocytoplasmic distribution of Rnc1 and abolished its function to suppress calcineurin deletion, although the Rnc1 NES mutant maintains the ability to bind Pmp1 mRNA. Intriguingly, the Rnc1 NES mutant destabilized Pmp1 mRNA, suggesting the functional importance of the Rnc1 cytoplasmic localization. Mutation in Rae1, but not Mex67 deletion or overproduction, induced Rnc1
Introduction RNA-binding proteins (RBPs) play important roles in various aspects of mRNA metabolism and localization. In order to orchestrate these mRNA metabolic processes, intracellular localizations of RBPs are dynamically and precisely controlled by various mechanisms and machineries. One of the important factors, which contribute to the nuclear-cytoplasmic shuttling of cargo proteins, is the exportin-mediated nuclear export system. Leucinerich nuclear export signals (NESs) were first identified in the proteins HIV-1 REV and cyclic AMP-dependent protein kinase inhibitor (PKIa) (Fischer et al., 1995; Wen et al., 1995) and are recognized by export-karyopherinb CRM1 (Fischer et al., 1995; Wen et al., 1995; Fornerod et al., 1997; Fukuda et al., 1997; Neville et al., 1997; Ossareh-Nazari et al., 1997; Richards et al., 1997; Stade et al., 1997) . NES-containing proteins have been identified in a variety of species, and CRM1 cargos are involved in diverse cellular functions, which control many normal cellular processes, including RNA metabolism (Lim and Wang, 2006; Stauber et al., 2007; Suhasini and Reddy, 2009; Turner et al., 2012; Zemp and Kutay, 2007; Ding et al., 2010; Emami, 2011; G€ uttler and G€ orlich, 2011) . NESs are recognized by exportins (a member of karyopherin-b proteins) which export a protein from the nucleus to the cytoplasm through the nuclear pore complex (Fornerod et al., 1997; Fukuda et al., 1997; Neville et al., 1997; Ossareh-Nazari et al., 1997; Richards et al., 1997; Stade et al., 1997; G€ orlich and Kutay, 1999; Conti and Izaurralde, 2001; Weis, 2003; Tran et al., 2007) . Antifungal antibiotic leptomycin B (LMB) inhibits nuclear export by selective alkylating Cys 528 of human CRM1 or Cys 529 of fission yeast Crm1 (Nishi et al., 1994; Kudo et al., 1999a; Matsuyama et al., 2006) . Another important nucleocytoplasmic transport machinery/mechanism that participates in the shuttling of the RBP is the mRNA export system through nuclear pore complexes (NPCs) (Yoneda, 2000; Katahira, 2015) . Nucleocytoplasmic transport occurs through NPCs and is mediated by saturable transport receptors that shuttle between the nucleus and the cytoplasm. The export receptor for most mRNAs is TAP/NXF1. The mRNA export process is posttranscriptionally regulated at various levels (Strambio-De-Castillia et al., 2010) . In Saccharomyces cerevisiae, the MEX67 gene encodes a factor essential for mRNA export. Both scMex67p and its human counterpart TAP/NXF1 (Gruter et al., 1998; Bear et al., 1999; Kang and Cullen, 1999; Katahira et al., 1999; Katahira, 2015) were shown to directly associate with poly(A)
1 RNA in vivo. In addition, they are shown to serve as shuttling proteins. TAP/NXF1 contains NLS and NES activities for shuttling between the nucleus and the cytoplasm and interacts with an NPC protein, thus suggesting the hypothesis that TAP/ NXF1 might help mRNA export via its mRNA binding and thus contribute to its export out of the nucleus (Katahira et al., 1999; Katahira, 2015) . In the fission yeast Schizosaccharomyces pombe, several NPC-associated proteins important for the nuclear export of mRNAs have been identified through genetic screen, including Rae1 (Brown et al., 1995; Yoon et al., 1997; Whalen et al., 1999) . Rae1 is an evolutionary conserved shuttling transport factor that directly contributes to nuclear export of mRNAs through its ability to anchor to a specific NUP98 motif at the NPC. The temperature-sensitive rae1-1 mutation induces the accumulation of poly (A) 1 RNA in the nucleus, and hRae1p can partially complement the phenotype of the rae1-1 mutation. S. pombe Rae1p and its S. cerevisiae homologue, Gle2p, are predominantly located at the NPC. In human cells, Rae1p is found in both the nucleus and the cytoplasm (Murphy et al., 1996; Bharathi et al., 1997; Kraemer and Blobel, 1997) . Our previous genetic screen to search for regulators of MAPK signaling, based on the functional interaction between calcineurin (CN) and Pmk1 MAPK, identified the KH-type RNA-binding protein Rnc1 (Sugiura et al., 1998 (Sugiura et al., , 2003 . The overexpression of rnc1 1 suppressed the Cl 2 -hypersensitivity of CN knockout (KO) cells by repressing Pmk1 MAPK activity through its binding towards the target mRNA, which encodes the dualspecificity MAPK phosphatase Pmp1 (Sugiura et al., 1998 (Sugiura et al., , 2003 . Therefore, the ability to suppress the Cl 2 sensitivity of CN deletion cells or that of the wild-type (WT) cells in the presence of FK506, a specific inhibitor of CN, is a strong and clear indication of Rnc1 function in the control of the Cl 2 homeostasis and thus can be used to reveal its regulatory mechanism. In this study, to further clarify the spatial control mechanism of Rnc1, we analyzed its subcellular localization. We found that Rnc1 is a nuclear-cytoplasmic shuttling protein containing a putative NES and that the cytoplasmic localization of Rnc1 is important to fully exert its function to stabilize Pmp1 mRNA. Notably, the mutations in the Rnc1 KH domains important for the mRNA-binding, induced Rnc1 nuclear translocation, similar to that observed with the putative NES-mutated Rnc1, thus suggesting the possibility that the binding to the target mRNAs is essential for the cytoplasmic localization of Rnc1. In addition, Rnc1 appears to be exported from the nucleus to the cytoplasm through the Rae1-dependent mRNA export pathway. Here, we propose that two distinct mechanisms (factors/determinants) may regulate the cytoplasmic localization of Rnc1. The first is a putative NES-dependent pathway via unknown exportin(s), and the second is the mRNA export-dependent pathway via Rae1. The spatial regulation of the RNA-binding proteins such as Rnc1 through the Crm1-independent nuclear export system highlight a novel role for Rae1 as a regulator of Rnc1 localization and function.
Results

Rnc1 contains a putative NES that is responsible for its cytoplasmic localization
To observe the subcellular localization of the KH-type RNA-binding protein Rnc1, we constructed a strain that expresses a GFP-fused Rnc1 protein under its endogenous promoter by PCR-based genomic epitope tagging (B€ ahler et al., 1998; see Table 2 ). In vegetative cells, the fluorescence of the endogenous Rnc1-GFP was observed throughout the cytoplasm, which was clearly excluded from the nucleus stained by Hoechst 33342 (Fig. 1A) . The functionality of the C-terminally GFPtagged Rnc1 protein was verified by complementation of the Cl 2 -hypersensitivity of the CN deletion cells (Data not shown). Furthermore, the cells chromosomally expressing Rnc1 protein, C-terminally tagged with GFP (rnc1 1 -GFP) or tdTomato (rnc1 1 -tdTomato) under its native promoter, behaved similarly to the WT cells in terms of Cl 2 sensitivity, whereas the cells deleted for rnc1 (Drnc1) exhibited severer sensitivity to Cl 2 in the presence of FK506, convincingly shows the functional nature of the GFP or tdTomato-fused Rnc1 protein (Fig.  1B) . This prompted us to investigate if the cytoplasmic localization of Rnc1 is necessary for its function and to elucidate factors that mediate its localization. First, we focused on the amino acid sequence of Rnc1. As shown in Fig. 1C , the analysis of the Rnc1 amino acid sequence revealed a putative nuclear export signal (NES Rnc1 ), located at amino acid 94-100, suggesting that Rnc1 may be exported from the nucleus. To examine whether the putative NES Rnc1 is necessary for the cytoplasmic localization of Rnc1, we constructed nmt1 promoter driven expression vectors for GFP-tagged Rnc1 NES mutant proteins, in which either or both of Leu96 or/and Leu99 was mutated to Alanine, thus producing Rnc1 L96A , Rnc1 L99A and Rnc1 L96A L99A , respectively. We investigated the subcellular localization of the GFP-tagged WT Rnc1 (GFP-Rnc1) and each Rnc1 NES mutant by expressing these proteins in rnc1 null cells under repressed conditions by adding thiamine in order to shut off the promoter activity. The fluorescence of GFP-Rnc1 was observed throughout the cytoplasm (Fig. 1D , GFP-Rnc1), which is similar to that of endogenous Rnc1-GFP (Fig. 1A) . In contrast, GFPRnc1 L96A L99A , which is dually mutated in the two Leucines of the putative NES, exhibited pancellular distribution, wherein the mutant Rnc1 protein localized at the cytoplasm and the nucleus (Fig. 1D , GFP-Rnc1 L96A L99A , Fig. 1E , N 5 C). It should be noted that the Leu96A mutation seems more influential than that of Leu99A for the cytoplasmic localization of Rnc1, as GFP-Rnc1 L96A localized more frequently (11.7 6 5.0%)
in the nucleus as compared with GFP-Rnc1
L99A
(5.3 6 1.5%), as evidenced by the quantification data ( Fig. 1E) . Importantly, two mutations in L96 and L99 act synergistically for Rnc1 nuclear import, because each single mutation increased the Rnc1 nuclear localization frequency up to 12%, whereas most of the GFPRnc1 L96A L99A mutant protein localized to the nucleus and about 98% of the cells exhibited pancellular distribution ( Fig. 1D and E) . Therefore, L96 and L99 in the putative NES in Rnc1 is responsible for its efficient cytoplasmic localization, thus suggesting the possibility that Rnc1 is dynamically shuttled between the nucleus and the cytoplasm. Our previous reports showed that CN KO cells displayed Cl 2 -hypersensitivity (Sugiura et al., 1998) , and this phenotype was further utilized to isolate negative regulators of the Pmk1 MAPK signaling pathway such as Pmp1 MAPK phosphatase and Rnc1 (Sugiura et al., 1998 (Sugiura et al., , 1999 (Sugiura et al., , 2003 . Thus, the suppression of the Cl 2 -hypersensitivity of the CN KO cells was demonstrated to represent a clear indication of Rnc1 function. We then wanted to evaluate if the mutation in the Rnc1 NES affects the ability of Rnc1 to suppress CN deletion. Notably, the L96A L99A dual mutations in the Rnc1 NES abolished the Rnc1 suppression ability, because CN deletion cells expressing the mutant GFP-tagged Rnc1 L96A L99A failed to grow in the media containing 0.12 M MgCl 2 , whereas the WT Rnc1 fully suppressed the growth defects of CN suppressed condition by the addition of 0.2 lg ml 21 FK506 (Fig. 1F) . Interestingly, there seems to be a correlation between the Rnc1 cytoplasmic localization and its ability to suppress CN deletion, because Rnc1 L99A , which exhibited a minimal nuclear localization, suppressed CN defect more strongly than did Rnc1 L96A and Rnc1 L96A L99A (Fig. 1F ).
We also checked to see if the mutation in the putative Rnc1 NES might affect the expression of the Rnc1 protein, by performing immunoblot analysis of the WT and the mutant alleles of the GFP-fused Rnc1 protein. The results clearly showed that the protein expression levels obtained under the nmt1 promoter in repressed condition were almost equivalent to those obtained under the endogenous promoter in the case of Rnc1 (Fig. S1A) . Furthermore, the protein levels of each mutant allele were compared with that of the WT version, and there was no significant difference in each protein level, indicating that the difference in the ability to rescue the Cl 2 hypersensitivity of the rnc1 null mutant was mainly due to its change in localization and/or mRNA-binding ability (Fig. S1A) . Thus, the mutations within the putative NES in Rnc1 altered nucleocytoplasmic distribution of the protein, and the cytoplasmic Rnc1 localization is required for Rnc1 to suppress CN defect. In order to corroborate that the 94-100 region is the bona fide NES of Rnc1, the 94-100 region with a short flanking sequence was fused to the GFP reporter as described for the NES of Pap1 (Kudo et al., 1999a) , and nuclear versus cytosolic distribution of this fusion protein (GFP-NES Rnc1 ) and GFP was examined (Fig. 1G) . The fluorescence of GFP-NES Rnc1 , but not that of GFP, was excluded from the nucleus, indicating that the addition of NES Rnc1 was sufficient to dictate Rnc1 cytoplasmic localization (Fig. 1H) . Quantification also showed that more than 60% of the cells harboring GFP-NES Rnc1 displayed cytoplasmic localization, whereas most of the cells harboring the GFP vector alone displayed pancellular localization (N 5 C), further confirming that the 92-103 region (comprising QQLTLRALLSTR) was sufficient for Rnc1 nuclear export (Fig. 1I) .
The above data prompted us to investigate the effect of LMB on the cytoplasmic localization of GFP induced by NES Rnc1 , because LMB is an established and selective inhibitor of the CRM1-mediated nuclear export (Wolff et al., 1997) . It is known that inhibition of Crm1/ exportin function by LMB results in the nuclear accumulation of several cargo proteins that contain leucine-rich NESs (Fornerod et al., 1997; Fukuda et al., 1997; Ossareh-Nazari et al., 1997) . Notably, however, the addition of LMB only modestly reversed the cytoplasmic localization of GFP-NES Rnc1 (Fig. 1H ). This is in clear contrast to the nuclear localization of the full-length Rnc1 induced by mutations in leucines in the NES Rnc1 , wherein 98% of the cells displayed Rnc1 nuclear localization . Quantification also revealed that LMB treatment even induced nuclear localization of the GFP vector alone as well as GFP-NES Rnc1 , suggesting some artificial effects associated with LMB treatment (Fig. 1I) .
Western blotting analysis was performed to confirm the expression levels of GFP and GFP-NES Rnc1 , and there was no significant difference in each protein level (Fig. S1B ).
Crm1 is not involved in the nuclear export of Rnc1
To investigate the mechanism that regulates Rnc1 nuclear export via the NES Rnc1 in a more physiological setting, we investigated whether the endogenous Rnc1 protein chromosomally tagged with GFP is affected by Crm1, which is an evolutionarily conserved Exportin involved in the export of proteins containing leucinerich NES (Fornerod et al., 1997; Fukuda et al., 1997;  A. The localization of Rnc1 is not affected with Leptomycin B (LMB) treatment. The localization of endogenous Rnc1-GFP in living WT cells grown at 278C in YES medium with or without LMB (50 ng ml 21 ) treatment for 3 h was analyzed by fluorescence micrography. Cells were analyzed as described in Fig. 1A . Bar, 10 lm. B. Crm1 defect does not affect the Rnc1 localization. The localization of endogenous Rnc1-GFP was analyzed by fluorescence micrography in WT and crm1-809 mutant cells. Indicated cells were grown at 308C in YES medium and then shifted to the indicated temperature for 13 h. Cells were analyzed as described in Fig. 1D . Bar, 10 lm. C. The localization of Pap1 is affected by Crm1 defect. The localization of Pap1 is affected with LMB treatment in WT cells (upper panel). The localization of endogenous Pap1-GFP in living WT cells grown at 278C in YES medium with or without LMB (50 ng ml 21 ) treatment for 1 h. Crm1 defect affected the Pap1 localization (lower panel). The localization of endogenous Pap1-GFP was also analyzed by fluorescence in crm1-809 mutant cells grown at indicated temperatures in YES medium. Cells were analyzed as described in Fig. 1D . Bar, 10 lm.
Ossareh-Nazari et al, 1997; Stade et al., 1997; Ullman et al., 1997; Wolff et al., 1997) . To test whether Crm1/ exportin is involved in Rnc1 export through putative Rnc1 NES, we examined the effects of LMB and the crm1 mutation on Rnc1 localization. The results showed that the cytoplasmic localization of endogenous Rnc1-GFP was not affected 3 h after the LMB treatment ( Fig. 2A) . To further examine the effect of Crm1 inhibition on Rnc1 localization, we utilized the crm1-809 cold sensitive mutant cells (Adachi and Yanagida, 1989 ), because nuclear export of NES-containing marker proteins was disrupted when crm1 mutant cells were grown at a restrictive temperature (Kudo et al., 1997; Stade et al., 1997) . In crm1-809 cells, Rnc1-GFP remained in the cytoplasm both at the permissive (278C) and restrictive temperature (188C) (Fig. 2B) , thus indicating that cytoplasmic distribution of Rnc1 is not affected by the crm1 mutation. In addition, GST pull-down assay failed to demonstrate the binding of Rnc1 to Crm1 (data not shown). These results suggest that the NES Rnc1 is not recognized by Crm1 and the nuclear export of Rnc1 is mediated by a Crm1-independent mechanism.
We also performed the same experiments using the Pap1 transcription factor fused to GFP as a positive control, based on the previous reports that Pap1 shuttles between the cytoplasm and the nucleus in a LMBsensitive manner (Kudo et al., 1999b) . Consistent with the previous reports, the data clearly showed that the Pap1-GFP protein undergoes nuclear-cytoplasmic shuttling in an LMB-and Crm1-sensitive manner, as the LMB treatment and the crm1-809 mutation induced a strong accumulation of Pap1-GFP in the nucleus, whereas Pap1-GFP exhibited the cytoplasmic localization excluded from the nucleus in the WT cells without LMB treatment (Fig. 2C ). These data obtained from the Crm1 substrate Pap1 clearly contrasts to the data obtained from Rnc1 which shows LMB-resistance and Crm1-independence.
Rnc1 is exported from the nucleus to the cytoplasm via the Rae1-dependent mRNA export pathway
To uncover the molecular mechanisms of the Rnc1 nuclear export, we next focused on Rae1, because Rae1 is a principal component of the nuclear pore complex (NPC), and the Rae1-dependent pathway is a highly conserved mRNA export pathway. Rae1 and Mex67, shuttling transport factors, directly contribute to the nuclear export of mRNAs, and they are highly conserved in mammals as RAE1 and TAP/NXF1, respectively Yoon et al., 2000) . It has been reported that temperature sensitive rae1-1 mutants exhibited defective mRNA export and rapidly accumulate poly (A) 1 RNA in the nucleus at restrictive temperatures (Yoon et al., 2000) . We then investigated the subcellular localization of endogenous Rnc1-GFP integrated into the chromosome under the native promoter in WT and rae1 mutant cells. In rae1 cells grown at the permissive temperature (218C), Rnc1-GFP localized to the cytoplasm, as in WT cells (Fig. 3A) . However, when cells were shifted to the restrictive temperature (368C), Rnc1-GFP was localized to the nucleus in rae1 cells, whereas Rnc1 remained in the cytosol in the WT cells (Fig. 3A) . Quantification of the nucleocytoplasmic distribution of Rnc1-GFP in WT and rae1 mutant cells revealed that the rae1 mutation modestly induced Rnc1 nuclear localization even at the permissive temperature (Fig. 3B) . Importantly, around 40% of the rae1 mutants exhibited pancellular Rnc1 localization (N 5 C) and more than 30% of the rae1 mutants displayed the Rnc1 fluorescence strongly enriched in the nucleus (N > C), whereas it was almost diffusely distributed in the cytosol (N < C) in the WT cells (Fig. 3B ).
We also investigated the effects of the deletion or overexpression of Mex67, an additional important player in the mRNA export pathway, on the cytoplasmic localization of Rnc1. It has been reported that deletion of Mex67 displayed no detectable accumulation of poly(A) 1 RNA in the nucleus, while overexpression of Mex67 in WT cells inhibited nuclear export of mRNA (Yoon et al., 2000) . In Dmex67 cells, Rnc1-tdTomato was localized to the cytoplasm, similar to that in WT cells (Fig. 3C ). In addition, the overexpression of Mex67 in WT cells did not affect Rnc1 localization. Cells chromosomally expressing Rnc1-tdTomato from its endogenous promoter and chromosomally integrated nmt1 promoter driven Mex67-YFP-FLAG-6His, were cultured in the presence (promoter off: promoter on for 0 h) or the absence of thiamine (promoter on for 20 or 40 h) to induce Mex67 expression, and the fluorescence of Rnc1-tdTomato remained in the cytoplasm during the time course (Fig. 3D) .
We also confirmed whether the above experimental condition is sufficient to induce Mex67 overexpression and the resultant inhibition of the nuclear export of mRNA (Fig. 3E ). Immunoblot analysis was performed to examine the protein levels of Mex67, which is expressed under the nmt1 promoter in the presence (promoter off) or the absence (promoter on) of thiamine for 20 and 40 h. The results showed that the Mex67 fused to YFP-FLAG-6His was almost undetectable in repressed condition (Fig. S1C) , which is consistent with the observation by fluorescence micrography (Fig. 3D , 0 h). However, when the cells were cultured in the absence of thiamine for 20 and 40 h, the protein levels and the fluorescence of Mex67
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were clearly induced and detected by immunoblot analysis ( Fig. S1C ) as well as by fluorescence micrography, respectively (Fig. 3D) . Moreover, the accumulation of poly (A) 1 RNA in the nucleus with some concentrations in discrete foci was observed when Mex67 was overexpressed from a strong thiamine-repressible nmt1 promoter for 20 h, which is consistent with the previous article ( Fig. 3E ) (Yoon et al., 2000) . Therefore, Rnc1 is likely to be exported from the nucleus to the cytoplasm via the Rae1-dependent and Mex67-independent mRNA export pathway.
KH domains are important for mRNA-binding ability and its cytoplasmic localization of Rnc1
The above findings raise the possibility that the accumulation of some poly(A) 1 RNAs associated with mRNA export defects affects the nucleocytoplasmic distribution of Rnc1. We then hypothesized that the interaction A. Rnc1 was mislocalized to the nucleus in rae1 cells. WT and rae1 cells with chromosomally integrated GFP-tagged Rnc1 were grown at 218C in YES medium and then shifted to the indicated temperature for 60 min. Cells were analyzed as described in between Rnc1 and the target mRNAs is necessary for Rnc1 export from the nucleus. To test this possibility, we constructed various KH-domain mutants by replacing Glycine residues with Aspartic acid and observed their subcellular localizations, because the highly conserved Glycine in each KH domain plays important roles for the RNA-binding activity of KH-type RBP (Lewis et al., 2000) . Rnc1 deletion cells were transformed with the plasmids harboring the WT or each KH domain-mutated Rnc1 fused to GFP, and their expressions were induced by using the thiamine-repressible nmt1 promoter in pREP1 vector in the presence of thiamine (repressed condition). Immunoblot analysis confirmed the expression levels of GFP-fused Rnc1 protein and its mutant versions in the presence of thiamine (repressed condition), and there was no significant difference in each protein level (Fig. S1D) .
In contrast to the cytoplasmic localization of the WT GFP-Rnc1, each single KH-domain mutant, GFPRnc1
, localized not only to the cytoplasm but also to the nucleus (Fig. 4A) . Particularly, the mutation in the Rnc1 KH3 domain was most influential for its cytoplasmic localization, as the cells harboring the GFP-Rnc1 KH3GD exhibited the highest frequency in the nuclear enrichment among the three single KH domain mutants (Fig. 4B ). In addition, the double or triple KH domain-mutated GFPRnc1 proteins predominately localized to the nucleus A. The KH domains of Rnc1 are important for the cytoplasmic localization of Rnc1. The rnc1 null cells transformed with each Rnc1 plasmid under the nmt1 promoter as indicated, were cultured in the presence of thiamine (repressed condition). Cells were analyzed as described in Fig. 1D . Bar, 10 lm. B. A quantitative representation of (A). The quantification of Rnc1 localization was performed as described in Fig. 1E . C. Pmp1 deletion does not affect the localization of Rnc1. Cells indicated were analyzed as described in Fig. 1A . Bar, 10 lm. D. Rnc1 KH mutants failed to suppress the Cl 2 -hypersensitivity of the rnc1 null cells in the presence of the CN inhibitor FK506. Cells were transformed with the control vector or the pREP1 vector containing the indicated genes fused with GFP and spotted onto each EMM plates containing thiamine (repressed condition) and indicated concentrations of FK506 and MgCl 2 , then incubated at 278C.
Nuclear export system of Rnc1 435 Molecular Microbiology, 104, ( Fig. 4A) . Quantification of the nuclear cytoplasmic distribution of the WT and mutant Rnc1 proteins revealed that both Rnc1 KH1GD and Rnc1 KH2GD mislocalized to the nucleus in a similar degree, whereas the double mutation in the KH1 and KH2 domains exerted an additive impact on its nuclear localization (Fig. 4B) . The triple mutated-GFP-Rnc1 KH1,2,3GD exhibited the highly enriched nuclear staining. Thus, the mutation in the KH domains of Rnc1 affected the cytoplasmic localization, presumably because the KH domain mutation abolished Rnc1 function to bind to its target mRNAs.
This prompted us to visualize Rnc1-GFP protein in cells lacking Pmp1, a known target of Rnc1. However, no significant difference was observed in the Rnc1 localization between the WT and pmp1 null cells, possibly due to the existence of other numerous target mRNAs, which would ameliorate the effect of Pmp1 deletion on Rnc1 localization (Fig. 4C) .
In order to assess the effect of the mutation in KH domains on Rnc1 function regarding the suppression of MAPK signaling, we examined the ability of the KHmutated rnc1 genes to complement the Cl 2 -hypersensitivity of rnc1 deletion cells in the presence of the specific CN inhibitor FK506. As shown in Fig. 4D -GFP was uniformly observed throughout the cell, and that of the KH-mutated Rnc1-GFP (Rnc1 KH1, 2, 3GD ) exhibited pancellular distribution with a significant enrichment in the nucleus (Fig. 5A) . In order to clearly assess the nuclear localization nature of the Rnc1 KH1,2,3GD mutant protein, we further performed fluorescence adjustment by taking the pictures of the cells expressing Rnc1
-GFP with a shorter exposure in comparison with a normal exposure to show the significantly stronger signal of the Rnc1-GFP protein in the nucleus. The lower exposure clearly visualized the nuclear enrichment of Rnc1 KH1,2,3GD -GFP ( Fig. 5A ; Rnc1 KH1,2,3GD -GFP, low exposure). These data are consistent with the findings obtained using exogenously expressed N-terminally GFP-tagged plasmids (Figs. 1D and 4A ). Finally, we examined if these chromosomally integrated mutant Rnc1 alleles exhibited phenotypes similar to that of Rnc1 deletion cells. For this purpose, we used the media containing FK506 plus MgCl 2 , because FK506 is a well-established specific inhibitor of CN in mammals and yeasts, it can chemically block the CN function and reproduce the phenotypes associated with CN deletion. We have designated the 'vic (viable in the presence of immunosuppressant and Cl 2 )'-phenotype as an indicator which represents the inhibition of MAPK signaling, based on our previous findings that deletion or inhibition of Pmk1 MAPK signaling resulted in the phenotype of vic (Sugiura et al., 1998; Ma et al., 2006 with that bound to the WT Rnc1 (Fig. 6A ). To further investigate this Rnc1-Pmp1 mRNA interaction, we used qRT-PCR analysis to detect the bound Pmp1 mRNA quantitatively. As shown in Fig. 6B , the amount of Pmp1 mRNA that co-purifies with Rnc1 KH1,2,3GD was about 10 times lower than that with WT Rnc1 (Fig. 6B ). In contrast, the target mRNA-binding activity of the NESmutated Rnc1 (Rnc1 L96A L99A ) was not impaired, rather markedly enhanced ( Fig. 6A and B) . This enhanced mRNA-binding ability associated with Rnc1 L96A L99A may involve a post-translational mechanism in the nucleus that promote its ability to bind to its target mRNAs. Thus, the mutation in the Rnc1 NES is likely to impact Rnc1 function by altering its nucleocytoplasmic distribution without impairing its mRNA-binding activity. If the above hypothesis is correct, the Rnc1 L96A L99A mutation would affect mRNA stability of target mRNAs.
To test the effect of the Rnc1 L96A L99A mutant on the mRNA stability of Pmp1, the WT cells expressing rnc1 1 -GFP, rnc1 L96A L99A -GFP or rnc1 KH1,2,3GD -GFP and the rnc1 null cells were used. One approach for measuring mRNA stability is inhibiting transcription and subsequently monitoring the disappearance of the already present mRNA. These cells were cultured in EMM and shut-off experiments were performed by adding 1,10-phenanthroline in the media and cells were harvested every 15 min upon shutting-off transcription (Fig.  6C ). The amount of Pmp1 mRNA in these samples was measured by qRT-PCR (Fig. 6C) . Half-lives and quarterlives of Pmp1 mRNA in these strains were determined from the results obtained in Fig. 6C (Fig. 6D ). The Data were analyzed using a one-way ANOVA, followed by a post hoc test using Dunnett's multiple comparison. P values less than 5% were regarded as significant. The asterisks indicate significant differences (n.s. indicates not significant; *P < 0.05; **P < 0.01; n 5 3, (mean 6 SD). E. Localization of Pmp1 mRNA in WT and rnc1 mutant cells. Indicated cells were cultured and subjected to in situ hybridization with the TAMRA-labeled oligonucleotide probes specific for Pmp1 mRNA. A dot-like signal corresponding to a single molecule of Pmp1 mRNA was detected in each cell. Cells were counterstained by DAPI before observation. In the merged images, green and red indicate Pmp1 mRNA and DNA, respectively. F. mRNA export mutant rae1-167 accumulated Pmp1 mRNA in the nucleus at the nonpermissive temperature. rae1-167 cells were cultured at 268C to a midlog phase and either shifted to 378C or maintained at 268C for 2 h and then subjected to in situ hybridization with the TAMRAlabeled oligonucleotide probes for Pmp1 mRNA. In the merged images, green and red indicate Pmp1 mRNA and DNA, respectively. Bar, 10 lm. G. Quantification of Pmp1 mRNA localization. Number of dot-like signals in the nucleus and cytoplasm were counted separately for 100 cells and graphed. Cells from three independent in situ hybridization experiments were analyzed. Error bars are SD. results showed that cells expressing the rnc1 KH1,2,3GD -GFP and the rnc1 null cells exhibited markedly reduced Pmp1 half-lives as compared with that of the WT background cells (rnc1 1 -GFP). These data are consistent with our previous paper that Rnc1 binds and stabilizes Pmp1 mRNA and that the mutation in the glycine residues in the three KH domains impaired Rnc1 mRNAbinding ability and destabilized Pmp1 mRNA (Sugiura et al., 2003) . Notably, mutations in the NES Rnc1 also destabilized Pmp1 mRNA, because cells expressing rnc1 L96A L99A -GFP exhibited a significant decrease in the Pmp1 mRNA quarter-life estimated from the samples taken up to 90 min following transcription shut-off (Fig. 6D, right panel) . It should be noted that the effect of the mutation in NES Rnc1 on Pmp1 mRNA stability was less marked than that of rnc1 KH1,2,3GD (Fig. 6D , right panel). We further analyzed the effect of the Rnc1 L96A L99A mutation on the mRNA export of target mRNAs. For this, Pmp1 mRNA was visualized using the fluorescence in situ hybridization (FISH) method ('Experimental procedures' section). This system enables detection of a single molecule of Pmp1 mRNA (Raj et al., 2008) . Pmp1 mRNA signal was detected in the WT cells, but not in pmp1 null cells, and the number and the intensity of Pmp1-positive dots were markedly increased in cells overexpressing the pmp1 1 ORF with or without 3 0 UTR. (Fig. S2A and B) . The fluorescence of Pmp1 mRNA was visualized in the WT (rnc1 1 -GFP), rnc1 L96A L99A -GFP or rnc1 KH1,2,3GD -GFP. The Pmp1 transcript seems to be distributed throughout the cell in all strains (Fig.  6E ). In contrast, the fluorescence of Pmp1 mRNA was accumulated in the nucleus in rae1 mutant cells (Fig.  6F) . Quantification of Pmp1 transcript distribution revealed that there were no significant alterations in the nucleocytoplasmic distribution among the WT, rnc1 L96A L99A -GFP or rnc1 KH1,2,3GD -GFP strains, suggesting that neither the rnc1 KH1,2,3GD or the rnc1 L96A L99A mutation impacted Pmp1 mRNA export (Fig. 6G ). It should be expected that if mRNA half-live is reduced, total mRNA abundance should also decrease. Notably, however, in our FISH quantification, no difference in the Pmp1 mRNA abundance was observed between WT and mutant forms of Rnc1. Because the current FISH system that we utilized enables the detection of a single mRNA molecule, the number of dots in each strain would therefore quantitatively represent the relative amounts of mRNA. It would be intriguing to hypothesize that Pmp1 mRNA is also regulated at the transcriptional level and that the decrease in the Pmp1 mRNA stability would be compensated at a higher transcription frequency.
To further assess the effect of the Rnc1 L96A L99A mutation on translation, polysome analysis was performed. The polysome fraction profiles derived from the Rnc1 L96A L99A mutant and Rnc1KH 1,2,3GD mutant cells were roughly similar to that of the WT cells, indicating that general translation is not impaired by the mutations. Furthermore, neither mutation in Rnc1KH 1,2,3GD or Rnc1 L96A L99A affected the ratio of Pmp1 mRNA distribution in the polysomal fractions as compared with the total fractions (including non-ribosome and 40S-80S), indicating that these mutations do not significantly affect translation (Fig. S3) .
Addition of PKI NES to Rnc1 mutants recovered Rnc1 cytoplasmic localization, but not Rnc1 function
In order to investigate if the failure of the Rnc1 L96A L99A
and the Rnc1 KH1,2,3GD mutants to suppress CN deletion was simply due to its mislocalization to the nucleus, we introduced NES derived from PKI (Wen et al., 1995) , were cultured in the presence of thiamine (repressed condition) in the presence and absence of LMB, and the effect of the addition of NES PKI fused to the WT and the mutant versions of Rnc1 proteins were analyzed by fluorescence microscopy. Immunoblot analysis confirmed the expression levels of these fusion constructs and compared them with that of the endogenous Rnc1-GFP in the presence of thiamine (repressed condition), either in the presence of LMB or in the absence of LMB (Fig. S1E) .
The introduction of NES PKI expectedly recovered the cytoplasmic localization of these mutant Rnc1 proteins, as the fluorescence of GFP-NES PKI -Rnc1, GFP-NES PKIRnc1 L96A L99A and GFP-NES PKI -Rnc1 KH1,2,3GD was similarly observed in the cytoplasm, which did not overlap with that of the nucleus stained by Hoechst 33342 (Fig.  7B) . Furthermore, LMB treatment again induced nuclear localization of GFP-NES PKI -Rnc1 L96A L99A and GFP-
, but not of GFP-NES PKI -Rnc1 (Fig. 7B) , thus indicating that the artificially introduced NES PKI serves as a physiological NES recognized by Crm1, and further supported the hypothesis that the NES Rnc1 is resistant to LMB and may be recognized by an unidentified exportin distinct from Crm1. Considering that NES PKI is a bona fide substrate of Crm1, and therefore, the effect of the addition of NES PKI to GFP may well be cancelled by LMB, the difference between the GFP-NES PKI -Rnc1 and GFP-NES PKI -Rnc1 KH1,2,3GD in repressed condition failed to suppress the Cl 2 sensitivity of rnc1 null cells in the presence of FK506, whereas the rnc1 null cells harboring the WT GFP-NES PKI -Rnc1 grew well in the same media (Fig. 7C) . Thus, recovery of the cytoplasmic localization, by simply adding NES PKI , is not sufficient for these Rnc1 mutants to fully exert their proper function.
Discussion
Here, we described the regulatory mechanisms of the KH-type RNA-binding protein Rnc1 function, an important regulator of MAPK signaling in fission yeast, via the spatial control of its nuclear-cytoplasmic shuttling. We discovered two determinants of Rnc1 localization. The first involves a nuclear export signal in Rnc1 (NES Rnc1 ), which seems distinct from the canonical NES recognized by Crm1, and the second is the Rae1-mediated mRNA export pathway. Together, our study provided new mechanistic understanding on how Rnc1 localization/nuclear export is achieved, which will be discussed below.
NES Rnc1 is an actual NES that acts independently of Crm1
Three experimental observations support the idea that Rnc1 is exported from the nucleus to the cytoplasm via the putative NES in a Crm1-independent manner. First, mutations in the putative NES induced Rnc1 nuclear accumulation. Second, mutations in Crm1 as well as chemical inhibition of Crm1 by LMB did not affect the Rnc1 cytoplasmic localization. Finally, the physical association between Rnc1 and Crm1 was not observed (data not shown). Considering that the 92-103 region (comprising QQLTLRALLSTR) was successful in excluding the GFP reporter from the nucleus and that LMB did not fully induce nuclear localization of the reporter, we have come to the conclusion that the identified Rnc1 region acts as an actual NES, which is not recognized by Crm1.
It should be noted that the mutation in the Rnc1 NES impaired Rnc1 function to suppress Cl 2 hypersensitivity associated with CN deletion/inhibition, without affecting its mRNA-binding ability. The effect of NES mutations on Rnc1 function was displayed not only at an exogenously expressed level from the plasmid driven under the nmt1 promoter in the repressed condition but also at an endogenous level, wherein the NES mutations were integrated into a chromosomal Rnc1 allele expressed from its endogenous promoter (Fig. 5B) . Thus, Rnc1 needs to be exported to the cytoplasm in order to fulfill its function. Why does Rnc1 L96A L99A bind to the target RNA much more efficiently than WT Rnc1? We hypothesize that Rnc1, after being imported to the nucleus, binds to its target mRNAs, which may serve as a key triggering event for the following nuclear export of the mRNA/Rnc1 complex as described below. Therefore, we assume that the Rnc1 protein may be post-translationally modified in the nucleus which may enhance its ability to bind to its target mRNAs including Pmp1 mRNA.
Mislocalization to the nucleus induced by Rnc1
L96A L99A
destabilized Pmp1 mRNA So, the important question is 'What is the effect of the Rnc1 L96A L99A mutant on target mRNAs?' Notably, our data showed that the Rnc1 L96A L99A mutant was defective in Pmp1 mRNA stability due to its altered nucleocytoplasmic distribution ( Fig. 6C and D) . Although both the Rnc1 L96A L99A mutant and the Rnc1 KH1,2,3GD mutant are defective in mRNA stabilization, the underlying mechanisms appears to be totally distinct.
Regarding the Rnc1 L96A L99A mutant, its loss-of function and the resultant failure to complement CN loss, albeit its mRNA-binding is due to its altered nucleocytoplasmic distribution; increased nuclear distribution and decreased cytoplasmic localization. We hypothesize that the Rnc1 NES mutant protein would not be able to exert its function to stabilize Pmp1 mRNA in the nucleus and therefore, would lead to decreased stability of target mRNAs (Fig.  8) . Thus, the cytoplasmic localization of Rnc1 mediated by NES Rnc1 is a novel determinant for Rnc1 function other than the mRNA-binding mediated by the KH domains. In contrast, regarding the Rnc1 KH1,2,3GD mutant, wherein the mutations clearly dampen its mRNA-binding, Pmp1 mRNA was destabilized and resulted in the failure to complement the Cl 2 sensitivity of CN loss, which is in agreement with our previous article (Sugiura et al., 2003) . Our FISH analysis to visualize Pmp1 mRNA distribution showed no discernible differences between WT and the Rnc1 L96A L99A mutant cells (Fig. 6E ). In addition, the Rnc1 distribution was not affected by a sole Pmp1 deletion (Fig. 4C ). These two experimental data suggested that there should exist numerous target mRNAs for the Rnc1 protein, and vice versa, there may be an additional protein that may regulate and impact Pmp1 mRNA export/localization (Fig. 8) . However, these data do not rule out the possibility that Rnc1 is involved in general mRNA export and that each Rnc1 mutation affects the export/localization of the target mRNAs. Pmk1 MAPK phosphorylates Rnc1, leading to enhanced activity of Rnc1, thereby binding and stabilizing Pmp1 mRNA in the cytoplasm. The Rnc1/mRNA complex is exported (directly or indirectly) via the Rae1-mediated mRNA export pathway. In the Rnc1 NES mutant (NESmt), accumulation of Rnc1 in the nucleus leads to destabilization of Pmp1 mRNA. In the Rnc1 KH domain mutant (KHmt), failure to bind to its target mRNAs induced its accumulation in the nucleus presumably due to loss of nuclear export as an RBP/mRNA complex. Unidentified RBP may act as an mRNA export factor for Pmp1 mRNA.
Crp79p, similar to Mex67, has been isolated and shown to complement the synthetic lethality of a rae1-16 nup184-1 double mutation by preventing accumulation of poly (A) 1 RNA in the nucleus. Intriguingly, Crp79, like Mex67, shuttles between the nucleus and the cytoplasm and mediates export of mRNA via a nuclear export activity present at the C terminus. Crp79p has been proposed to function as a carrier in transporting mRNA from the nucleus to the cytoplasm. Thus, Rnc1 may function as an auxiliary factor to endow specificity to the Rae1-dependent general poly(A) 1 RNA export pathway.
Nuclear export of Rnc1 requires its RNA-binding ability
One of the important findings in this study is the involvement of the KH domain-mediated mRNA binding ability of Rnc1 and its nuclear export. Mutations in the KH domains in Rnc1 abolished both the mRNA-binding and induced its nuclear accumulation (Figs. 4A and 5A), implicating that mRNA-binding activity is required for Rnc1 nuclear export. Furthermore, this raises the intriguing hypothesis that in order for Rnc1 to be exported from the nucleus to the cytoplasm, target mRNAs need to be associated with Rnc1, suggesting the mechanism that might recognize the Rnc1-mRNA complex (Fig. 8) . In this scenario, Rnc1 binds its target mRNA(s) in the nucleus and is subsequently exported as an mRNA-protein complex. Consistent with this hypothesis, the unphosphorylatable mutant version of Rnc1 (Rnc1 T50A ), with impaired RNA binding ability was observed to be localized to the nucleus as well as in the cytoplasm (Fig. S4) , whereas phosphorylation-mimic versions of Rnc1 T50D and Rnc1 T50E (with enhanced RNA binding activities) localized exclusively in the cytoplasm (Fig. S4) . These results suggest that mRNAbinding ability is required for Rnc1 nuclear export and implicated the existence of a nuclear export system that recognizes mRNA-bound Rnc1 (Fig. 8) .
We assume that the altered nucleocytoplasmic distribution of Rnc1 KH1,2,3GD is a consequence of its loss of mRNA-binding ability, further hypothesizing that Rnc1 is exported to the cytoplasm as an mRNA/Rnc1 complex. This hypothesis further supports our data indicating the importance of the functional Rae1-dependent nuclear export pathway for Rnc1 cytoplasmic localization. Thus, Rnc1 KH1,2,3GD is primarily defective in mRNA-binding, which also leads to its defect in nuclear export and accumulation in the nucleus.
Rae1-dependent nuclear export is essential for the function of Rnc1
One of the most interesting observations of this study is that the localization of Rnc1 requires Rae1. Our findings that the mutation in Rae1 induced nuclear accumulation of Rnc1 revealed the functional connection between the mRNA export pathway and the Rnc1 nuclear cytoplasmic shuttling mechanism. Because Rae1 is reported to physically associate with Mex67 (Yoon et al., 2000) , which is also a key factor of the mRNA export pathway, and shares at least some of the common mRNA export pathway, we further investigated the effect of Mex67 on Rnc1 localization, based on the hypothesis that the poly(A) 1 mRNA accumulation in the nucleus derived from the rae1 mutation and the Mex67 overproduction may cause Rnc1 nuclear accumulation. Notably, however, deletion or overexpression of Mex67 affected Rnc1 localization. One possible mechanism would be that there are common mRNAs specifically recognized by Rnc1 and Rae1, and the accumulation of the Rae1-specific poly(A) 1 RNAs would induce Rnc1 nuclear retention together with target mRNAs. Our data showing the accumulation of Pmp1 mRNA in rae1 mutants would be consistent with this view. Alternatively, Rae1 may directly or indirectly recognize the Rnc1 protein presumably via the identified NES Rnc1 (Fig. 8) .
Notably, the artificially added NES PKI , which successfully recovered the cytoplasmic localization of the Rnc1 NES mutant, failed to restore its function to suppress CN deletion while the Rnc1 NES mutant maintains the mRNA binding with Pmp1. This data suggests the intriguing possibility that Rnc1 may undergo an unknown functional modification via the Rae1-dependent export, which would make Rnc1 capable of suppressing CN deletion cells. This would not be achieved by the nuclear export pathway mediated by NES PKI , which is a bona fide substrate of Crm1. This further highlights the importance and specificity of the Rae1-mediated pathway in the functional/spatial regulation of Rnc1.
It was previously shown that LMB (Fornerod et al., 1997; Kudo et al., 1999a) blocked the HuR-dependent nuclear export of early-response-gene (ERG) mRNAs, such as c-fos mRNA (Brennan et al., 2000) and COX-2 mRNA (Dixon et al., 2001; Jang et al., 2003) that were induced by serum stimulation or withdrawal, respectively. It is believed that the nuclear export of these mRNAs is based on the interactions of HuR with pp32 and APRIL, the NES-containing ligands that interact with CRM1 (Brennan et al., 2000) . It is therefore understood that access to the CRM1 pathway upon exposure to certain stress conditions may enhance the rapid expression of ERG proteins, thereby providing a prompt cellular response to the external stimuli (Gallouzi and Steitz, 2001) .
In this context, our findings point to a possible mode of Rnc1 nuclear export presumably complexed with mRNA via the Rae1-dependent and Crm1-independent pathway. This mechanism may facilitate efficient translation of target mRNAs including Pmp1 mRNA, which would contribute to the negative regulation of MAPK signaling.
Experimental procedures
Strains, media and genetic and molecular biology methods S. pombe strains used in this study are listed in Table 1 . The complete medium (yeast extract with supplements, YES) and the minimal medium (Edinburgh minimal medium, EMM) have been described previously (Moreno et al., 1991; Toda et al., 1996) . Standard genetic and recombinant DNA methods (Moreno et al., 1991) were used except where otherwise noted. PCR-based genomic epitope tagging was performed using standard methods (B€ ahler et al., 1998) . In all cases, proteins were C-terminally tagged with GFP from the endogenous loci. The site-directed mutagenesis was performed using the Vent DNA Polymerase (NEW ENGLAND BioLabs, USA).
Construction of GFP-NES Rnc1 and GFP-NES PKI expression vector
NES Rnc1 primer set or NES PKI primer set (see Table 2 ) was annealed and cleaved with BamHI/BglII and ligated into the BamHI site of pREP1-GFP vector (Ma et al., 2006) to make a construct for pREP1-GFP-NES Rnc1 or pREP1-GFP-NES PKI .
mRNA/protein expression
For mRNA/protein expression in yeast, the thiaminerepressible nmt1 promoter was used (Maundrell, 1990) . Expression was repressed by the addition of 4.0 lg ml 21 thiamine to EMM (Figs. 1D and F, 3D and E, 4A and D, 7B and C, S1A, C and E, S2B and S4A) or was induced by incubating the cells in EMM lacking thiamine (Figs. 1H, 3D and E, 6A, S1B and C, S2B and S4B). The GFP-or the GST-fused gene was subcloned into the pREP1 vector.
Protein detection
Anti-GST (our stock, Satoh et al., 2009) , anti-GFP (our stock, Satoh et al., 2009 ), anti-a-Tubulin (Sigma-Aldrich, USA; cat. no. T5168), anti-FLAG (Sigma-Aldrich, USA; cat. no. F7425) and anti-RFP/tdTomato (Medical & Biological Laboratories, Japan; cat. no. PM005) antibodies were used as the primary antibody (1:12,000, 1:12,000, 1:20,000, 1:4,000 and 1:2,000 dilution, respectively). Horseradish peroxidase (HRP)-conjugated antirabbit and antimouse (Cell Signaling Technology, USA; cat. no. 7074 and 7076, respectively) antibodies were used as the secondary antibody (1:4,000 dilution). Membranes were developed with ChemiLumi One or Chemi-Lumi One Super (Nacalai Tesque, Japan).
Growth condition and several treatments
Unless otherwise stated, cells were cultivated at 278C in EMM, or YES-rich medium (Moreno et al., 1991) . Prior to several treatments, the cells were grown to mid-log phase (OD 660 nm 5 0.5). Heat shock was imposed by transferring the culture tubes to a water bath at the indicated temperature for the indicated time. To the culture medium, 10 lg ml 21 LMB stock solution was added at the indicated concentrations. After each treatment, the culture medium was chilled in ice water for 5 min. The cells were harvested by brief centrifugation at 48C.
Microscopy and miscellaneous methods
Light microscopy methods, such as differential interference contrast (DIC) and fluorescence microscopy, were performed as described (Kita et al., 2004) .
In situ hybridization
In situ hybridization of poly(A)
1 RNA using a biotin-labeled oligo dT probe (50 mer) was performed as described (Azad et al., 1997) . After hybridization, cells were treated with Texas Red-avidin (Vector Laboratories, USA) to visualize Specific detection of Pmp1 mRNA by in situ hybridization was carried out according to the method of Raj et al. (2008) . Briefly, cells were fixed with 3.7% formaldehyde for 45 min and treated with a solution containing Zymolyase 100T (0.5 mg ml 21 ; Nacalai Tesque, Japan) and Lysing enzymes (1.0 mg ml 21 ; Sigma-Aldrich, USA) to digest cell walls. After suspending in 70% ethanol overnight, cells were collected and hybridized with 48 different oligonucleotide probes complementary to Pmp1 mRNA, which are 20 nucleotides in length and labeled at 3 0 end with TAMRA fluorescent dye, for 6-18 h at 308C. Cells were then washed with Stellaris RNA FISH Wash Buffer A (LGC Biosearch Technologies, USA) for 30 min and then Stellaris RNA FISH Wash Buffer A containing DAPI again for 30 min at 308C. After washing with Stellaris RNA FISH Wash Buffer B for 3 min, cells were observed through a Nikon Eclipse Ti fluorescence microscope equipped with an ORCA-R2 cooled CCD camera. To visualize signals for Pmp1 mRNA, maximum merges of seven Z-stack images taken 0.5 lm interval in Z-axis were generated and subjected to 2D deconvolution using a MetaMorph image analysis software (Molecular Devices, USA). We detected two to three Pmp1 mRNA signals per cell on average (Fig.  6E) , which are consistent with the Fission Yeast Transcriptome quantitative data (1.9 Pmp1 mRNA molecules on average/cell in vegetative growth phase) (Marguerat et al., 2012) . The nucleotide sequences of the oligonucleotide probes for Pmp1 mRNA are listed in Table 3 .
To confirm specific detection of Pmp1 mRNA in in situ hybridization, we performed following control experiments. We carried out in situ hybridization of Dpmp1 and detected no significant signals for Pmp1 mRNA in the cells (Fig. S2A) . In contrast, cells overexpressing Pmp1 mRNA from the nmt1 promoter gave more than ten times signals using the same probe set ( Fig. S2B ; panels denoted as promoter on). In addition, in situ hybridization of mRNA export mutant rae1-167 showed accumulation of Pmp1 mRNA signals in the nucleus at the nonpermissive temperature (378C) that induces blocking of nuclear mRNA export, whereas the signals were observed predominantly in the cytoplasm at the permissive temperature (268C), as shown in Fig. S2C . Taken together, these results indicate specific visualization of Pmp1 mRNA molecules by in situ hybridization with 48 TAMRAlabeled oligonucleotide probes. Cells were grown to mid-log phase (OD 660 nm 5 0.5) in YES medium. Cells were harvested by centrifugation and washed with cold water. Total cellular RNA was prepared using the hot-phenol method (Herrick et al., 1990) .
mRNA protein-binding assay
The RNA protein-binding assay was carried out by modifications of the methods of Satoh et al. (2009) . Exponentially growing cells (4 3 10 8 ) expressing glutathione S-transferase (GST) tagged protein were disrupted with glass beads (/ 5 0.5 mm) in 500 ll extraction buffer (30 mM Tris-HCl, pH 8.0, 1.0% TritonX-100, 2.0 mM EDTA, 1.0 mM dithiothreitol [DTT] , a mixture of protease inhibitors [1.0 mM phenylmethylsulfonyl fluoride, 0.1 mM benzamidine, 0.1 mM sodium metabisulfite, 0.1 lg ml 21 chymostatin, 2.0 lg ml 21 aprotinin, 1.0 lg ml 21 pepstatin A, 1.0 lg ml 21 phosphoramidon and 0.5 lg ml
21 leupeptin] and a mixture of phosphatase inhibitors [5.0 mM NaF, 5.0 mM Na 3 PO 4 , 10 mM Na 2 H 2 P 2 O 7 and 10 mM Na 2 MoO 4 ]). Extracts were cleared by centrifugation (15 min at 15,000 rpm). Glutathione Sepharose 4B (GE Healthcare, USA) were added to the cleared extracts, which were incubated for 2 h at 48C. Sepharose were washed seven times in wash buffer (30 mM Tris-HCl, pH 8.0, 1.0% TritonX-100, 2.0 mM EDTA, 1.0 mM DTT, a mixture of phosphatase inhibitors and 3.0 M NaCl) and two times in binding buffer (30 mM Tris-HCl, pH 8.0, 1.0% TritonX-100 and 1.0 mM DTT). Fission yeast total RNA and 100 U ml 21 RNase inhibitor (TOYOBO) was added to the washed sepharose, which was incubated for 2 h at 48C. Sepharose was washed two times in binding buffer, and the binding RNA was extracted with RNeasy Mini Kit (QIAGEN, Germany). RT-PCR was performed using 2.0 ll RNA as template using Pmp1-specific primers (see Table 2 ). The number of amplification cycles was adjusted to avoid reaching a plateau phase during PCR.
Quantitative real-time PCR (qRT-PCR)
qRT-PCR analysis was performed using LightCyclerV R 480 System (Roche, Switzerland) with LightCycler V R 480 Probes Master (Roche, Switzerland) and Universal ProbeLibrary Probes (Roche, Switzerland) using the following amplification protocol: 10 min at 958C followed by 45 cycles of 10 s at 958C, 30 s at 608C and 1 s at 728C. Data were normalized by the Ura4 mRNA or 28S rRNA expression in each sample. Primer sets are listed in Table 2 .
Determination of mRNA stability and half/quarter-lives Cells were grown at 278C in YES medium to mid-log phase (OD 660 nm 5 0.6), and then 1,10-phenanthroline was added to a final concentration of 200 lg ml 21 to block transcription as described (Rodr ıguez-Gabriel et al., 2003) . Total RNA was extracted form cells harvested at the indicated time points.
Sucrose gradient centrifugation (polysome profiles)
Cells were grown at 278C in YES medium to mid-log phase (OD 660 nm 5 0.6), then Cycloheximide was added to a final concentration of 0.3 mg ml 21 and the culture was chilled and agitated for 5 min. Cells were harvested by centrifugation and disrupted with glass beads (/ 5 0.5 mm) in polysome buffer (20 mM HEPES-KOH [pH 7.4], 2 mM Mg(OAc) 2 , 100 mM KOAc, 1 mM DTT, 400 units ml
21
RNase inhibitor, a mixture of protease inhibitors [1.0 mM phenylmethylsulfonyl fluoride, 0.1 mM benzamidine, 0.1 mM sodium metabisulfite, 0.1 lg ml 21 chymostatin, 2.0 lg ml 21 aprotinin, 1.0 lg ml 21 pepstatin A, 1.0 lg ml 21 phosphoramidon and 0.5 lg ml
21 leupeptin] and a mixture of phosphatase inhibitors [5.0 mM NaF, 5.0 mM Na 3 PO 4 , 10 mM Na 2 H 2 P 2 O 7 and 10 mM Na 2 MoO 4 ]). Sucrose gradient centrifugation was performed as described (Mino et al., 2015) .
